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We document regional pore-ﬂuid pressures in the active Taiwan thrust belt using 55 deep boreholes to
test the classic HubberteRubey hypothesis that high static ﬂuid pressures (depth normalized as l ¼ Pf/
rrgz) account for the extreme weakness of thrust faults, since effective friction m*f ¼ mf ð1 lÞ. Taiwan
ﬂuid pressures are dominated by disequilibrium compaction, showing fully compacted sediments with
hydrostatic ﬂuid pressures at shallow depths until the ﬂuid-retention depth zFRD z 3 km, below which
sediments are increasingly undercompacted and overpressured. The HubberteRubey fault weakening
coefﬁcient is a simple function of depth (1  l) z 0.6zFRD/z. We map present-day and pre-erosion ﬂuid
pressures and weakening (1  l) regionally and show that active thrusts are too shallow relative to zFRD
for the classic HubberteRubey mechanism to be important, which requires z  ~4zFRDz 12 km to have
the required order-of-magnitude HubberteRubey fault weakening of (1  l)  ~0.15. The best-
characterized thrust is the Chelungpu fault that slipped in the 1999 (Mw ¼ 7.6) Chi-Chi earthquake,
which has a low effective friction m*fz0:08e0:12, yet lies near the base of the hydrostatic zone at depths
of 1e5 km with a modest HubberteRubey weakening of (1  l)z 0.40.6. Overpressured Miocene and
Oligocene detachments at 5e7 km depth have (1  l) z 0.3. Therefore, other mechanisms of fault
weakening are required, such as the dynamical mechanisms documented for the Chi-Chi earthquake.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The Hubbert and Rubey (1959) ﬂuid pressure fault-weakening
mechanism has long been accepted as the most plausible solution
to the classic problem that long, thin thrust sheets require very
weak basal detachments, typically with an effective friction co-
efﬁcient m*b ¼ tb=sn about an order of magnitude weaker than lab
static friction measurements of mbz 0.6e0.85 (Byerlee, 1978) (for
list of parameters see Table 1). The HubberteRubey hypothesis in
its classic form argues that ambient high pore-ﬂuid pressure (Pf)
reduces the critical shear stress (tb) required for frictional sliding
on the base of the sheet, because frictional strength is controlled
by effective normal stress, which in the case of a horizontal
detachment is (rrgz  Pf)
tb ¼ m*bðrrgzÞ ¼ mb

rrgz Pf

(1a)rica Exploration and Produc-
, USA. Tel.: þ1 713 372 2267.
@gmail.com (L.-F. Yue).
Ltd. This is an open access article uwhere rr is the mean rock density. This role of pore-ﬂuid pressure is
normally expressed in depth-normalized form, using the Hub-
berteRubey fractional weakening coefﬁcient (1  l)
m*b ¼ mb

rrgz Pf
rrgz

¼ mbð1 lÞ (1b)
where l¼ Pf/rrgz is the pore-ﬂuid pressure normalizedwith respect
to overburden pressure. The HubberteRubeyweakening coefﬁcient
(1 l) typically ranges between ~0.6 for hydrostatic ﬂuid pressures
and ~0 for lithostatic pressures, for which the effective friction m*b
would be near zero.
There have been some in situ tests andmeasurements to address
the Hubbert and Rubey effect on faulting. The physics of ﬂuid-
pressure induced fault weakening is now well established from
soil and rock mechanics and successful ﬁeld-scale experiments, in
which earthquakes have been triggered by increases in pore-ﬂuid
pressure that result from pumping or waste injection (e.g. Healy
et al., 1968; Raleigh et al., 1972, 1976; Ohtake, 1974; Ahmad and
Smith, 1988; Zoback and Harjes, 1997; Evans, 2005; Evans et al.,
2005a,b). A key element of the original argument of Hubbert andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Parameters used in the paper.
tb Shear traction
st Basal shear traction
rr Mean density of the sedimentary rocksa
r0r Effective rock density
rm Drilling mud density
rw Density of pore waterb
mb Basal coefﬁcient of friction
m*b Basal effective coefﬁcient of friction
l HubberteRubey pore-ﬂuid pressure ratioc
lb Basal HubberteRubey pore-ﬂuid pressure ratioc
g Acceleration of gravityd
Pf Fluid pressure
Sop Slope of the overpressure gradient in a given
ﬂuid-pressure plot
Z Thickness of the thrust sheet or depth
Ze Equilibrium compaction depth at which the shale porosity
on the normal compaction trend equals the shale
porosity at depth Z
ZFRD Fluid-retention depth
a Surface slope of a wedge
b Basal detachment slope of a wedge
s1 Maximum compressive normal stress
s3 Minimum compressive normal stress
F Fault strength
W Wedge strength
a 2.3 g/cm3, Magara (1978), Mouchet and Mitchell (1989).
b 1.0 g/cm3.
c Hubbert and Rubey (1959).
d 9.8 m/s2.
L.-F. Yue, J. Suppe / Journal of Structural Geology 69 (2014) 493e518494Rubey (1959) was the observation that ﬂuid pressures approaching
lithostatic values had been observed in some fold-and-thrust belts;
they showed ﬂuid-pressure data from wells in the Zagros thrust
belt in Iran and Iraq, and from the western Pakistan foldbelt. Since
1959 there has been a great expansion of knowledge of in situ
overpressures (e.g. Fertl,1976;Magara,1978; Behrmann et al., 1988;
Hunt, 1990; Bigelow, 1994; Osborne and Swarbrick, 1997; Japsen,
1998, 1999; Law and Spencer, 1998; Swarbrick and Osborne, 1998;
Michael and Bachu, 2001; Lee and Deming, 2002; Swarbrick
et al., 2002; Luo et al., 2003; Bilotti and Shaw, 2005). However,
there still has been a general lack of documentation of in situ ﬂuid
pressure and stresses in relation to active detachments in fold-and-
thrust belts or accretionary wedges, which is necessary for more
direct testing of the classic HubberteRubey hypothesis.
Here we present such a test in the presently active western
Taiwan fold-and-thrust belt, based on 55 regionally distributed
petroleum-exploration wells with in situ ﬂuid-pressure measure-
ments (Fig. 1). These exploration wells were drilled to depths of
3e5.5 km and display regionally and vertically consistent patterns
of overpressuring, which we document. These pressures can be
extrapolated to depths beyond 5 km with sufﬁcient accuracy for
testing the HubberteRubey hypothesis, based on well-deﬁned
overpressure gradients observed at shallower depth and on a
new technique outlined in this paper which uses observations of
the ﬂuid-retention depth zFRD in sonic logs.
We evaluate the role of pore-ﬂuid pressures in thrust mechanics
in western Taiwan by bringing these observations of ﬂuid pressure
together with extensive data on the petroleum structural geology
of the fold-and-thrust belt (e.g. Stach, 1957; Hsiao, 1968; Chang,
1971; Chen, 1978; Suppe and Namson, 1979; Suppe, 1980a,b,
1984, 1986; Suppe and Chang, 1983; Namson, 1981, 1983, 1984;
Yang et al., 1991, 1994, 1996, 1997, 2006; Hung and Wiltschko,
1993; Wang et al., 2000; Hickman et al., 2002; Lee et al., 2002;
Huang et al., 2004; Yue et al., 2005, 2011). We especially focus on
the well-documented Chelungpu thrust fault (Yue et al., 2005,
2011), which ruptured to the surface in the 1999 (Mw ¼ 7.6) Chi-
Chi earthquake and is currently the best-studied thrust-beltearthquake in the world. Furthermore, the effective friction m*b of
the Chelungpu thrust ramp and detachment are independently
constrained to be m*b ¼ 0:07e0:11, both locally by post Chi-Chi
scientiﬁc borehole studies of the principal-slip zone on the thrust
ramp at ~1 km depth (Sone and Shimamoto, 2009; Kuo et al., 2011),
and regionally by critical-taper wedge analysis, which gives both
regional wedge strength and effective friction on the detachment at
~5e6 km depth (Suppe, 2007). Knowing m*b, Pf, and rrgz, we
determine the intrinsic friction mb required for the large-scale fault
motion using equation (1b), which we compare with lab mea-
surements of friction mb that have been obtained for Chelungpu
fault gouge (Mizoguchi et al., 2008; Tanikawa and Shimamoto,
2009), as a direct test of the HubberteRubey hypothesis.
2. Geological setting
The very young and ongoing compressional tectonics of Taiwan
provides a well-instrumented natural laboratory for the study of
many active processes, including faulting. Thrust faulting in west-
ern Taiwan consumes about one third of the ~9 cm/yr Philippine
Sea-Eurasia plate convergence rate (e.g. Le Beon et al., 2014). This
shortening is taken up in a complex stratigraphy overlying Meso-
zoic basement, involving three stratigraphic packages. (1) A
Paleocene to early Oligocene failed rift system that largely predates
the main opening of the South China Sea created a series of half
grabens, including the Hsuehshan trough, which is outcropping
just interior to the foothills thrust belt, as well as offshore rift basins
to the west and north (Teng et al., 1991; Teng and Lin, 2004). (2)
Those half graben systems were buried by thick Oligocene to
Miocene syn-rift to post-rift passive margin strata (Yu et al., 2013).
(3) An arcecontinent collision between the Philippine Sea plate and
the Eurasian continental margin began ~4e5 Ma, producing a
propagating sub-aerial mountain belt which initiated a foreland
basin sequence, including Chinshui Shale, Cholan Formation, Tou-
koshan Formation and Holocene strata in western Taiwan and the
offshore Taiwan Strait (Suppe, 1981; Ho,1988; Teng, 1990; Teng and
Lin, 2004). The currently active western Taiwan fold-and-thrust
belt deforms the entire Oligocene to Holocene syn-rift to post-rift
to foreland basin sedimentary package, which in many areas ex-
ceeds 6 km in thickness (Lin et al., 2003). This composite set of
overlapping basins rapidly thins towards the Taiwan Strait where
reduced development of overpressures is observed. This tectono-
stratigraphic history provides an opportunity to study not only
the transition from rifting to collision in one place, but also the
corresponding ﬂuid pressure evolution, including the disequilib-
rium compaction history in the early rift-related sedimentary
package, later altered by collision-related uplift and erosion effects.
We begin by presenting the ﬂuid pressure data from western
Taiwan.
3. Pore-ﬂuid pressure data in western Taiwan
Pore-ﬂuid pressures from 55 wells inwestern Taiwan (Figs. 1e5)
are based on largely unpublished data of the Chinese Petroleum
Corporation (CPC), including: (1) in situ borehole formation tests
(including ﬂuid pressures reported by Chan (1964), Kuan (1967,
1968, 1971), Chang (1972), Suppe and Wittke (1977)), (2) den-
sities of drilling mud (mud weights), and (3) continuous sonic logs,
using standard petroleum methods outlined in Section 3.1
(Hottmann and Johnson, 1965; Fertl, 1976; Magara, 1978;
Chapman, 1983; Dutta, 1987). Formation tests, which include both
initial and ﬁnal ﬂow and shut-in measurements, provide direct
pore-ﬂuid pressure data in permeable strata. Pore-ﬂuid pressures
calculated from densities of drilling mud rmgZ provide an upper
bound to ﬂuid pressures based on standard drilling procedures,
Fig. 1. (A) Topographic map and geological terrains of Taiwan. (B) Geologic map of western Taiwan (Ho, 1988) with locations of 55 petroleum wells and active fault surface traces
(Bonilla, 1975, 1977, 1999; Lin et al., 2000). All the wells are located within the Western Foothills and Coastal Plain geological terrains which are dominated by crustal shortening
(Suppe, 1981; Ho, 1988; Teng, 1990). The regional ﬂuid pressure pattern in the western Taiwan thrust belt is summarized along one NeS long section and three Central Taiwan EeW
sections (Sections A, B, C and D in Figs. 13 and 15e18). Note the regional ﬂuid pressure distribution along the Chelungpu thrust fault, which slipped in the 1999 Chi-Chi earthquake
(Mw ¼ 7.6), is illustrated with sections B and C (Figs. 16 and 17).
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Fig. 2. Sonic log data [A] and ﬂuid pressure data [B] of wells from Taoyuan to Hsinchu, northern Taiwan.
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Fig. 3. Sonic log data [A] and ﬂuid pressure data [B] of wells from Chunan to Miaoli.
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Fig. 4. Sonic log data [A] and ﬂuid pressure data [B] of wells from Miaoli to Chiayi, central Taiwan.
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Fig. 5. Sonic log data [A] and ﬂuid pressure data [B] of wells from Chiayi to Chiali, southern Taiwan. Summary of all wells in western Taiwan is also shown.
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Fig. 6. (A) Schematic shale porosity as a function of depth under hydrostatic conditions in clastic sedimentary basins. Shale porosity typically displays an exponential decay with
depth, which in the semi-logarithmic plot presents a straight trend called normal compaction trend. (B) and (C) Schematic plots showing general behaviors of shale porosity, sonic
log and ﬂuid pressure under hydrostatic to overpressured ﬂuid pressure regimes with and without an abrupt transition zone. Note the ﬂuid retention depth (FRD) in the no-
transition-zone case is the top of overpressure, whereas in the transition-zone case, the ﬂuid-retention depth (FRD) is higher than the top of overpressure.
L.-F. Yue, J. Suppe / Journal of Structural Geology 69 (2014) 493e518500which usually use slightly higher mud density to balance pore-ﬂuid
pressures during drilling to avoid the possible blow-out of wells.
Both formation tests and drilling-mud densities straightforwardly
yield explicit observations of regional (static) pore-ﬂuid pressure in
wells. However, only the Chuhuangkeng (CHK), Chinshui (CS),
Chiting (CT), Chingtsaohu (CTH), Kuantsuling (KTL) and Tiehchen-
shan (TCS) ﬁelds (Fig.1) have extensive formation tests for reservoirhorizons, and therefore give a rather incomplete picture of ﬂuid
pressures as a function of depth. Furthermore, these data are
almost entirely from anticlines, many of which have high structural
relief such that the formation tests in dipping laterally-extensive
permeable sand layers are dominated by vertical transport of
high ﬂuid overpressures from great depths in the adjacent syn-
clines (e.g., Krueger and Grant, 2011). Thus in situ ﬂuid pressures
L.-F. Yue, J. Suppe / Journal of Structural Geology 69 (2014) 493e518 501from formation tests and mud density, if they exceed hydrostatic,
can greatly overestimate the ambient ﬂuid pressures at that depth
in the adjacent shales and isolated sands.
Sonic log data allow determination of ﬂuid pressures in shales,
and therefore play an important role in providing more continuous
ﬂuid pressure estimates throughout the depth-range of manywells.
Also the exploration wells have been drilled to total depths of
~3e5.5 km, raising the issue of how to the estimate the ﬂuid
pressures below the depth of drilling. Here we show that ﬂuid
pressures can be reasonably predicted if we adopt well-deﬁned
overpressure gradients observed by in situ ﬂuid pressure mea-
surements and use a ﬂuid-retention depth technique based on
sonic-log measurements in shale, outlined below.Fig. 7. Comparison between ﬂuid retention depths (FRD) and present-day top of
overpressure (PTO) in 48 wells. Note the average depth of PTO is very close to the
average depth of FRD; the difference is only 13 m (~0.4%).3.1. Fluid pressure from sonic-log data: importance of
disequilibrium compaction mechanism and uplift-erosion effects
3.1.1. Relationship between ﬂuid pressure and sonic-log data
Fluid pressures at shallow levels in clastic sedimentary basins, in
sand-rich permeable strata are hydrostatic. Interbedded shale
porosity shows a characteristic exponential decay with depth due
to compaction by the increase of both stratigraphic overburden and
tectonic load (Fig. 6A, Fertl, 1976; Magara, 1978; Plumley, 1980).
This exponential decay in the hydrostatic realm appears on a semi-
log plot of shale porosity as a straight line, which is known as the
equilibrium (or normal) compaction trend (Fig. 6B and C). The same
relationship is shown in a semi-log plot of shale transit time, which
is the reciprocal of sonic velocity in shale, and is commonly viewed
as a robust proxy of shale porosity in well logging (Fig. 6B) (e.g.
Magara, 1978). We therefore use shale transit-time data instead of
shale porosity data in ﬂuid pressure calculations.
Treating shale transit-time data as a proxy for shale porosity
depends on proper identiﬁcation of shale and mudstone intervals,
for which electric and gamma-ray logs were used in the present
study. This is necessary because non-shale lithologies, such as sand,
compact differently (e.g. Kumar, 1979; Raymer et al., 1980; Xiao and
Suppe, 1989). In contrast, stable shale compaction behavior pro-
vides an almost one-to-one relationship between shale porosity
and shale transit-time (Magara, 1978). In the shallow, hydrostatic
depth range the linear behavior of the normal compaction trend on
shale porosity is well documented and widely accepted (e.g.
Magara, 1978, 1979). Furthermore, ﬂuid pressure estimates calcu-
lated from sonic log data fromwestern Taiwanwells based on these
approximations are in many cases conﬁrmed approximately by in
situ ﬂuid pressure measurements for wells drilled in structures free
of large vertical transport of ﬂuid pressures in dipping layers or
modiﬁed by erosion effects. Finally, we note that our evaluation of
the dominant fault-weakening mechanism in the western Taiwan
fold-and-thrust belt involves effects that are so large that the
analysis is not sensitive to the ﬁner details of our ﬂuid pressure
estimates in shale. Uncertainties involving uplift and erosion effects
are discussed in Section 3.1.2.
The normal hydrostatic compaction process described above is
observed to continue functioning until the ﬂuid-retention depth
zFRD is reached, at which point effective permeability becomes
sufﬁciently reduced that pore-ﬂuid escape is inhibited and ﬂuid
overpressure starts to build up with depth. Below the ﬂuid-
retention depth the stratigraphic overburden and the tectonic
load are increasingly supported by the pore ﬂuid rather than the
solid-grain network. This process of overpressure generation is
known as the “disequilibrium compaction mechanism,” which has
been recognized as the major governing mechanism generating
abnormal ﬂuid pressure in many thick, rapidly deposited Tertiary
sedimentary basins (Fertl, 1976; Magara, 1978; Swarbrick andOsborne, 1996, 1998; Osborne and Swarbrick, 1997; Swarbrick
et al., 2002).
The ﬂuid-retention depth zFRD is deﬁned as the intercept be-
tween a normal compaction trend and an undercompaction trend
on a semi-log plot of shale transit time and depth (Fig. 6B and C,
Swarbrick and Osborne, 1996, 1998; Osborne and Swarbrick, 1997;
Swarbrick et al., 2002). Elevated ﬂuid overpressure and under-
compaction lead to the increase of shale transit time (increase of
shale porosity) relative to the normal compaction trend (Fig. 6B and
C, Hottmann and Johnson, 1965; Fertl, 1976; Magara, 1978; Hillis,
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Fig. 8. Schematic diagrams showing the process of deriving ﬂuid pressure from sonic log data in shale. Points A and B represent ﬂuid pressure calculations along the normal
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points usually form a so-called undercompaction trend in a semi-
log plot of shale transit time and depth, and display a slope that
is between the slope of the normal compaction trend (usuallymuch
steeper, Figs. 2e5) and a vertical slope, which represents the
lithostatic gradient (overburden, upper bound) in the ﬂuid pressure
vs. depth plot.
This typical sonic-log behavior, which is well explained by
normal compaction and disequilibrium compaction mechanisms, is
commonly observed in deep exploration wells drilled in western
Taiwan. Two typical patterns are introduced here. Fig. 6B shows the
pattern for a relatively homogenous sequence of rock in which the
present-day top of overpressure (PTO) is equivalent to the ﬂuid-
retention depth zFRD (Swarbrick and Osborne, 1996, 1998;
Osborne and Swarbrick, 1997; Swarbrick et al., 2002). Fig. 6C
shows a more complex but occasionally encountered ﬂuid pressure
transition zone, between permeable sand-rich strata above and
shale below, creating a ﬂuid-retention depth that is slightly shal-
lower than the top of the overpressured zone (Fertl, 1976; Magara,
1978; Swarbrick and Osborne,1996). The average zFRD for all Taiwan
wells is only 13 m (~0.4%) shallower than average top of over-
pressure PTO (Fig. 7, Fertl, 1976; Magara, 1978; Swarbrick and
Osborne, 1996). Therefore, the ﬂuid-retention depth zFRD would
be the shallowest possible present-day top of overpressure.
Because it is the intersection between the normal compaction trend
and the undercompaction trend, it is well suited for deﬁning
regional ﬂuid-pressure distribution and predicting fault weakening
due to overpressure (see Section 3.1.4).
To calculate ﬂuid pressures from sonic log data, we ﬁrst need to
determine the normal compaction trend for a set of sonic log
measurements in a semi-log plot. Two components are required,
the slope and the surface intercept based on sonic-log data from
shale in the hydrostatic zone. For the surface intercept, we adopt
the transit time of 656 ms/m, which is based on the transit time of
formation water (±50,000 ppm NaCl) with a shale porosity of 62%
(Magara, 1978). This agrees with a regional study of Magara (1978)based on over 300 wells in the western Canada basin, with similar
results reported from the US Gulf Coast (e.g. Rogers, 1966).
Fluid pressures are calculated separately from sonic-log data for
intervals above and below the ﬂuid retention depth by applying the
equations of Magara (1968, 1978). Fluid pressures are considered
hydrostatic for depths above the ﬂuid-retention depth zFRD as
identiﬁed by the normal compaction trend on the sonic log for
shale (Fig. 8A).
Pf ¼ rwgz ðhydrostatic zoneÞ (2)
For example, at point A at depth za the ﬂuid pressure will be
Pfa ¼ rwgza (Fig. 8). In contrast, below the ﬂuid retention depth the
pressure is the sum of a hydrostatic term and a lithostatic term:
Pf ¼ rwgze þ rrgðz zeÞ ðoverpressured zoneÞ (3)
where ze is the equilibrium depth at which the shale porosity or
sonic velocity on the normal compaction trend is equal to the
observed shale porosity or sonic velocity at the measuring point at
depth z > ze (Magara, 1978) (see Fig 8A). For example, at point B at
depth zb the ﬂuid pressure will be Pfb ¼ rwgzeþ rrg(zb ze) (Fig. 8).
Equations (2) and (3) are based on the assumption that shales that
are fully compacted are at hydrostatic ﬂuid pressure, with the solid
grain framework supporting the solid overburden rrgze since
z ¼ ze. In contrast, in shales that are undercompacted for their
depth z > ze, the grain framework only supports the load rrgze,
with the additional load rrg(z  ze) supported by the excess pore-
ﬂuid pressure. This basic strategy of ﬂuid-pressure prediction
based on shale compaction has been widely applied successfully
(e.g. Fertl, 1976; Magara, 1978; Behrmann et al., 1988; Hunt, 1990;
Bigelow, 1994; Osborne and Swarbrick, 1997; Japsen, 1998, 1999;
Law and Spencer, 1998; Swarbrick and Osborne, 1998; Michael
and Bachu, 2001; Lee and Deming, 2002; Swarbrick et al., 2002;
Luo et al., 2003).
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In tectonically inactive sedimentary basins with no rock uplift,
the normal compaction trends in semi-log plots of shale transit
time typically have a surface intercept close to the transit time of
formation water (656 ms/m). However, almost all the wells in
western Taiwan have been drilled in areas with some uplift and
erosion, and therefore show surface intercepts of transit time data
that, in some cases, are much smaller than 656 ms/m (Figs. 2e5),
indicating that we need to take into account the effect of uplift and
erosion in computing ﬂuid pressures from sonic log data.
Basically, the compaction process in shales is nearly irreversible,
except for elastic effects (Fertl, 1976; Magara, 1978). Once
compaction is achieved, shale porosity, as well as shale transit time,
is expected to remain unchanged. If rocks undergo uplift and
erosion caused by faulting and/or folding, they will maintain the
porosity (shale transit time) that reﬂects the maximum depth of
burial, and therefore will be overcompacted relative to their pre-
sent depth. In such wells, sonic-log data show an elevated
compaction trend, with a surface intercept that is smaller than the
transit time of formation water at the surface (656 ms/m). This is
because the original normal compaction trend, which is the so-
called fossil normal compaction trend, has been preserved at its
original stratigraphic position in the uplifting process (Fig. 9, Fertl,
1976; Magara, 1978; Riis and Jensen, 1992; Hillis, 1995; Hansen,
1996; Heasler and Kharitonova, 1996; Evans, 1997; Japsen, 1998,
2000). If the uplifting stratigraphic section includes strata that
originally straddle the top of overpressure then after uplift theFig. 9. Schematic diagram showing how uplift-and-erosion affects sonic log data and ﬂuid p
Because of the irreversibility of the compaction processes, uplift-and-erosion shifts already c
causing them to be overcompacted relative to the shallower depth. Since the compaction p
preserved in the sonic log data. The amount of erosion can be extracted by comparing the fos
with a transition zone are shown.fossil top of overpressure (FTO) will be identiﬁable as an inﬂection
in the sonic log velocity gradient (Fig. 9). Because the fossil top of
overpressures is ﬁxed in the rock, it will be above the present-day
top of overpressures as a result of uplift and erosion.
For such uplifted and eroded sections, the normal compaction
trend for the purpose of computing ﬂuid pressures is described by
the slope of the fossil compaction trend, plus surface intercept of
656 ms/m. With this newly-deﬁned normal compaction trend, we
can proceed to the calculation for sonic-log ﬂuid pressure and ﬂuid
pressure zones and boundaries, including the fossil and present-
day tops of overpressure and ﬂuid-retention depths (Fig. 9). The
vertical difference between the fossil and present normal
compaction trends in such wells provides an estimate of the
amount of rock exhumation (Fig. 9). These uplift and erosion data,
resulting from irreversible compaction, are essentially independent
of exhumation estimates from published cross sections (Suppe and
Namson, 1979; Suppe, 1980a,b, 1984, 1986; Suppe and Chang, 1983;
Namson, 1981, 1983, 1984; Yue et al., 2005, 2011). Both datasets
provide direct deformation measurements of uplift and erosion in
the western Taiwan thrust belt (Fig. 10). Generally the sonic-log
uplift and erosion data agree well with the exhumation estimates
from published cross sections, but have a few hundred meters
uncertainty inﬂuenced by: the choice of the surface intercept point
(which can vary in different sedimentary basins even reaching
689 ms/m (210 ms/ft) (Magara, 1978, 1979)), uncertainties in the
slopes of normal compaction trends, and the scatter of sonic-log
data points.ressure distribution, thereby providing a record of pre-uplift or “fossil” ﬂuid pressures.
ompacted rocks with smaller sonic log readings (smaller porosity) to shallower depths,
rocess is completed before the onset of uplift and erosion, a fossil compaction trend is
sil and present normal compaction trends. The cases [A] with no transition zone and [B]
Fig. 10. Uplift-erosion estimates from sonic log data in 48 wells compared with uplift
erosion estimates from nearby published cross sections.
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are substantially less thanwhat would otherwise appear to bewell-
constrained estimates from cross sections (e.g. HK-4, FPK-4; TCS-
29, CLN-1; KTL-3). In those cases, it is likely that the uplift esti-
mated from cross sections is in error because of growth and erosion
of the anticline while signiﬁcant sedimentation was still occurring
in the adjacent foreland basin. The crests of these anticlines were
never buried as deeply as would be estimated from the thicknesses
of strata in the adjacent basin and deep fold ﬂanks.
3.1.3. Examples of present-day and fossil overpressures
Well CLI-1 and a combination of 8 CTH wells (CTH-3, -4, -5, -7,
-11, -15, -16, and -17) are used to illustrate how ﬂuid pressures are
calculated from sonic-log data, howuplift-erosion disturbs the ﬂuid
pressure calculation, and how present-day and fossil tops of over-
pressure, as well as present-day and fossil ﬂuid retention depths,
are deﬁned.
Well CLI-1 has a relatively small uplift and erosion effect. A
normal compaction trend is established, with a slope from a well-
deﬁned fossil compaction trend ﬁtting all the black points in
Fig. 11A, and a surface intercept of ~610 ms/m, less than the nominal
non-erosion value of 656 ms/m, indicating erosion of ~200 m. A
steeper undercompaction trend is established by ﬁtting all the open
points in Fig. 11A. The fossil and present-day ﬂuid retention depths
are deﬁned by the intersections between the undercompaction
trend and fossil and normal compaction trends, respectively. Fluid
pressures in shale for points greater than the present zFRD are
computed using equation (3), whereas ﬂuid pressures at shallower
depths are assumed to be hydrostatic. Note that by this procedure,
the undercompaction trend is only used to locate the ﬂuid-
retention depth, which is typically not very sensitive to the slope.
However, to extrapolate ﬂuid pressures beyond the total depth of a
well, we have used either the undercompaction trend or we have
estimated pressures using a technique based on knowledge of the
ﬂuid-retention depth zFRD that is described in Section 3.1.4.
In detail, the undercompaction trend in a heterogeneous strat-
igraphic section is commonly composed of a mixture of sonic-log
intervals that are more permeable, and therefore have trends that
are more nearly hydrostatic parallel, and those that are less
permeable and show trends that are more nearly vertical (e.g.
Fig. 11A), corresponding to local ﬂuid-pressure gradients that are
more nearly hydrostatic or lithostatic, alternating between sand-
rich and shale-rich elements of the stratigraphy (Fig. 11B) (see
also Suppe, 2014). For example, the sand-rich Nanchuang Forma-
tion in the CLI-1 well shows a more nearly hydrostatic gradient
than the more shale-rich formations above and below.
A composite well section composed of data from 8 wells from
the CTH ﬁeld (Fig. 11C and D) shows similar behavior, except that
the undercompaction trend is nearly vertical, which leads to a
nearly lithostatic gradient in the ﬂuid pressure plot in Fig. 11D.
These sediments also appear to have experienced much greater
uplift and erosion of 0.8 km. The ﬂuid pressures computed from
sonic log data (open circles) generally agree well with in situ ﬂuid
pressure measurements (especially shut-in measurements). How-
ever, some formation tests yield substantially higher pressures than
the computed shale pressures, which we ascribe to vertical transfer
of pressure in permeable sand layers of large structural relief.
Pore-ﬂuid pressure data from all 55 wells in western Taiwan
have been evaluated by these standard petroleum methods, and
ﬂuid-pressure details are shown in Figs. 2e5. Although other pro-
cesses may inﬂuence overpressured zones (Section 3.2), most wells
display sonic-log ﬂuid pressures in good agreement with in situ
ﬂuid pressure measurements indicating, that for wells in western
Taiwan, incomplete in situ ﬂuid pressure measurements can be
augmented by ﬂuid pressures estimated from sonic-log data.
Fig. 11. (A) Sonic log data of CLI-1 well from southern Taiwan in semi-log plot. The slope of the normal compaction trend is adopted from the slope of the best-ﬁtting line of black
data points and the intercept is 656 ms/m at the surface. Dashed undercompaction trend is the best line to describe the distribution of white data points except for the ﬁrst ﬁve white
points. These ﬁve points might represent overpressure generated by another mechanism (i.e. pressure sealing). The difference between the normal and fossil compaction trends
yields an uplift-erosion value of about 0.2 km. (B) Fluid pressure data of the CLI-1 well derived from in situ formation test data, densities of drilling mud, and continuous sonic log in
(A). Note the calculated sonic-log ﬂuid pressure based on disequilibrium compaction mechanism generally agrees with in situ ﬂuid pressure measurements. The overpressure
gradient shown in black corresponds to the undercompaction trend in (A). (C) Sonic log data of 8 wells from the Chingtsaohu ﬁeld (CTH) in northern Taiwan. The slope of the normal
compaction trend is derived from the slope of the best-ﬁtting line of 8 wells in the Chingtsaohu ﬁeld and the intercept (656 ms/m) at the surface. The average amount of uplift and
erosion for this ﬁeld is about 0.8 km. (D) Fluid pressure data of 8 wells from the Chingtsaohu ﬁeld (CTH) derived from in situ formation tests, densities of drilling mud, and
continuous sonic log data in (C). Note the calculated sonic-log ﬂuid pressure agrees well with in situ ﬂuid pressure measurements.
L.-F. Yue, J. Suppe / Journal of Structural Geology 69 (2014) 493e518 505In situ and sonic-log ﬂuid pressure data from wells in western
Taiwan are only available fromwells drilled to depths of 3e5.5 km.
However, ﬂuid overpressures observed in this depth range tend to
show linear undercompaction trends in semi-log plots of shaletransit time (Figs. 2e5 and 11), which can provide a basis for
forecasting ﬂuid pressures both in regions that are less extensively
drilled and in estimating overpressures at greater depths, as dis-
cussed more fully in the following sections.
Fig. 12. Graph showing the relationships between ﬂuid pressure, HubberteRubey ratio (l) and effective basal coefﬁcient of friction ðm*bÞ as a function of depth, expressed as
multiples of the ﬂuid-retention depth (FRD). See text for details, Equations (1b) and (7). Note that if the overpressure gradient is the same as the lithostatic gradient the excess ﬂuid
pressure (l ¼ 0.9) required for a sufﬁciently low effective coefﬁcient of friction would only be realized at a depth of almost 6 (5.7) times the ﬂuid-retention depth. This further
indicates that in order to have sufﬁcient static ﬂuid pressure to weaken the fault strength, signiﬁcant depths must be reached.
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sub-parallel to the lithostatic gradient (see Fig. 5, All Wells). This
observation is in agreement with a disequilibrium-compaction
mechanism for ﬂuid overpressures in western Taiwan. Parallelism
to the lithostatic gradient is commonly observed in sedimentary
basins with ﬂuid overpressure dominated by the disequilibrium
compaction mechanism (Osborne and Swarbrick, 1997; Swarbrick
and Osborne, 1998; Swarbrick et al., 2002, see also Bredehoeft
et al., 1988; Mann and Mackenzie, 1990; Yusoff and Swarbrick,
1994; Holm, 1998; Heppard et al., 1998; Swarbrick et al., 1998;
Suppe, 2014).
There are a few wells in the westernmost part of the basin that
show overpressured gradients substantially less than lithostatic,
and showwell-deﬁned non-vertical trends on sonic-log plots (CBL-
1, PCN-2, WG-1, PCC-1, CLI-1, Figs. 2, 4 and 5), which is indicative of
less well-developed disequilibrium compaction behavior. One-
dimensional modeling of the disequilibrium-compaction process
for western Taiwan conditions by Tanikawa et al. (2008) shows the
combined importance of (1) rapid orogenic sedimentation in the
last 3 Ma (Chinshui Shale and younger strata) and (2) deep inﬂux of
ﬂuid indicative of deep basins, and possible deep connection to the
interior of the mountain belt. The wells showing non-lithostatic
overpressure gradients show thin orogenic load (~0.6e2 km,especially CBL-1, PCN-2) and/or shallow depth to metamorphic
basement (3.3e4.5 km, especially WG-1, PCC-1, CLI-1).
3.1.4. Relationship between ﬂuid-retention depth and
HubberteRubey pore-ﬂuid pressure ratio (l)
Because overpressure gradients are typically sub-parallel to the
lithostatic gradient in most Taiwan wells (Figs. 2e5), we simplify
Equation (3) by assuming all the overpressure gradients are parallel
to the lithostatic gradient (ze ¼ zFRD):
Pf ¼ ðrw  rrÞgzFRD þ rrgz (4)
Under these circumstances, the HubberteRubey normalized ﬂuid
pressure l ¼ Pf/rrgZ is
l ¼ ðrw  rrÞgZFRD þ rrgZ
rrgz
(5)
and the HubberteRubey fractional weakening coefﬁcient (1  l)
becomes
ð1 lÞ ¼ ½1 ðrw=rrÞðzFRD=zÞ (6)
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ð1 lÞz0:6ðzFRD=zÞ (7)
At ﬂuid-retention depth z¼ zFRD we have (1 l)z 0.6 and lz 0.4.
The HubberteRubey weakening enters into the expression for the
effective coefﬁcient of friction m*b ¼ mbð1 lÞ and describes the
weakening effect of static pore pressures (Eqn. (1b)).
Fig. 12 shows theoretical relationships between ﬂuid pressures,
HubberteRubey pore-ﬂuid pressure ratio l, and effective coefﬁ-
cient of friction m*b for a ﬁxed ﬂuid-retention depth, under the
assumption that the overpressure gradient is parallel to the litho-
static gradient. In order to achieve normalized ﬂuid pressures suf-
ﬁciently large to be important to the HubbertdRubey hypothesis
under the disequilibrium compaction mechanism (l ¼ 0.9; or low
effective coefﬁcient of friction m*b  0:1), the depth must be
approximately six times the ﬂuid-retention depth (Fig. 12). There-
fore, knowledge of the ﬂuid-retention depth places a very strong
constraint on ﬂuid pressures and effective friction at depth. This is
particularly important in discussing the effect of the Hub-
berteRubey mechanism for long thrust sheets and in critical-taper
wedge mechanics, which will be addressed later in the paper.
Given that the linear overpressure gradients seen in Taiwan
deviate slightly from the assumed lithostatic gradient, wemade our
extrapolations of ﬂuid pressure and HubberteRubey weakening by
replacing the rock density by an effective rock density r0r
ð1 lÞ ¼ 1 rwr0r	
ðzFRD=zÞ (8)
The effective rock density is easily derived from the slope of the
linear overpressure gradient (Sop) in a given ﬂuid-pressure plot.
r0r ¼
1
Sopg
(9)
For Taiwanwells we retrieve slopes of linear overpressure gradients
by linear regression of the overpressured data (Figs. 2e5). Equation
(8) is signiﬁcant because it allows us to predict ﬂuid pressures at
depth based on well data that indicate the ﬂuid-retention depth
and the overpressure gradient (Fig. 12). This mechanism of map-
ping ﬂuid pressures at depth allows us to compare ﬂuid pressures
and fault geometry to test the viability of the HubberteRubey hy-
pothesis in western Taiwan.3.2. Other overpressure mechanisms in Taiwan
In general, the ﬂuid pressures calculated from sonic log data are
close to in situmeasured ﬂuid pressures in most wells (for example
Fig. 11, see also Figs. 2e5), with some exceptions in high-relief
structures discussed below. This agreement and the sub-
parallelism between overpressure gradients and the lithostatic
gradient indicate that the disequilibrium compaction mechanism
indeed dominates abnormal ﬂuid pressure generation in western
Taiwan, similar to many thick clastic Tertiary basins (e.g., Niger
delta, Gulf Coast, Caspian Sea, North Sea, Malay and South China
Sea, Fertl, 1976; Magara, 1978; Osborne and Swarbrick, 1997; Law
and Spencer, 1998; Swarbrick and Osborne, 1998; Swarbrick et al.,
2002). Other mechanisms, including local sealing effects, relief in
reservoirs containing hydrocarbons, hydrocarbon generation, dia-
genic dehydration, and aquathermal pressuring, are generally
thought to be less important in petroleum basins (Fertl, 1976;
Magara, 1978; Bethke, 1986; Shi and Wang, 1986; Spencer, 1987;
Bredehoeft et al., 1994; Audet, 1995; Luo and Vasseur, 1996;
Osborne and Swarbrick, 1997; Gordon and Flemings, 1998; Lawand Spencer, 1998; Swarbrick and Osborne, 1998; Swarbrick et al.,
2002).
However, there are some local indications that modiﬁcation of
the general disequilibrium compaction trend by such mechanisms
may be of some importance in western Taiwan. For example, the
CLI-1well shows that the top of the Chinshui Shale is overpressured
in excess of the normal trend, whichmight be due to sealing, where
permeabilities are low due to cementation (e.g. Hunt, 1990). Many
wells show positive and negative transition zones in overpressured
zones which might be also related to sealing with overpressure
generated by diagenetic reactions and/or cementation (Osborne
and Swarbrick, 1997).
We avoid distinguishing those apparently minor effects for
abnormal ﬂuid pressure in western Taiwan because values of ﬂuid
pressure agree well with the in situ formation tests and mud-
density data. Values of ﬂuid pressure and positions of ﬂuid-
pressure boundaries, such as fossil and present-day tops of over-
pressure in most wells are constrained by the in situ formation tests
and mud-density data and are not derived from sonic-log data
alone.
In contrast with the mechanism just discussed, vertical transfer
of ﬂuid overpressures may be important in the crests of some high-
amplitude anticlines in the inner foothills, as shown by the CHK-
123, NL-1 and KTL-3 wells. These wells have overpressured zones
in permeable strata at much shallower depths than predicted from
sonic logs, or expected from present-day tops of overpressure
observed in other Taiwan wells (see Section 4.1). These higher
pressures are observed in formation tests of potential reservoir
horizons showing large structural relief, and therefore may reﬂect
vertical transfer of high pressures within isolated permeable
sandbeds frommuch greater depths on the fold ﬂanks and adjacent
synclines, as discussed by Krueger and Grant (2011).
4. Regional distribution of ﬂuid pressures in relation to
detachment levels in western Taiwan
4.1. Depth and stratigraphic level of top of overpressure
The depths and stratigraphic levels of the present-day and fossil
tops of overpressure in western Taiwan are regionally consistent,
which allows us to infer the approximate ﬂuid pressure at locations
that lack well data. The regional distribution of ﬂuid pressures is
illustrated on an NeS section with 36 representative wells, which
are located largely in uplifted structures (Fig. 13, and Fig. 1 for lo-
cations). The present-day top of overpressure stays mostly within
the Miocene Nanchuang and Nankang Formations north of Miaoli
(see also Tanikawa et al., 2004). The top rises generally to the
Nanchuang and Kueichulin Formations in central Taiwan, and only
again reaches a level that is equivalent to the Pliocene Chinshui
Shale in the southernmost well (CLI-1) near Chiali in southern
Taiwan.
The fossil top of overpressure is best recorded in wells drilled
into major thrusts and eroded anticlines showing signiﬁcant uplift.
Fossil tops lie within the Nanchuang and Kueichulin Formations in
the north, in the Kueichulin Formation and locally the Chinshui
Shale in central Taiwan, possibly reaching above the Chinshui Shale
equivalent horizon near Chiali (Fig. 13). The stratigraphic level of
the fossil tops is typically substantially shallower (~1e2 km) than
the stratigraphic level of the present-day top of overpressure in the
same well.
The regional ﬂuid pressure structure shows several important
features that we summarize brieﬂy. (1) First, the orogenic Plio-
Pleistocene foreland-basin sedimentary package, including the
Chinshui Shale, Cholan Formation and Toukoshan Formation, is
almost entirely within the hydrostatic zone. The top of the
Fig. 13. NeS section based on 35 wells and the TCDP (Taiwan Chelungpu-Fault Drilling Project) well; (A) with and (B) without colored stratigraphy. All the data are ﬂattened with
respect to the base of Chinshui Shale, where a main detachment prevails. The thick black line indicates the present-day top of overpressure and the light gray line refers to the fossil
top of overpressure. The present-day top of overpressure is mainly within the Nanchuang and Nankang formations in the north and slowly rises to locally reach the Chinshui Shale
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Fig. 14. (A) Histogram of present-day ﬂuid retention depth of 28 wells, showing the average ﬂuid-retention depth is about 3.0 km in Western Taiwan. (B) Histogram of restored
fossil ﬂuid-retention depth, which is restored by adding erosion estimated from published cross sections (Fig. 10) of 28 wells. The average restored fossil ﬂuid-retention depth is also
3.0 km, indicating that the ﬂuid-retention depth is relatively stable with uplift and erosion.
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Taiwan and locally reaches the Chinshui Shale in central and
southern Taiwan. (2) Second, the positions of both the present-day
and fossil tops of the overpressured zone are stratigraphically
controlled (Suppe and Wittke, 1977). This is also seen in Tertiary
deltaic basins such as the Gulf of Mexico, the Alberta basin, and
Niger delta (Fertl, 1976; Magara, 1978; Osborne and Swarbrick,
1997; Law and Spencer, 1998; Swarbrick and Osborne, 1998;
Swarbrick et al., 2002). Present-day and fossil tops of over-
pressure are higher stratigraphically to the south as the result of the
facies change from more near shore and permeable facies in the
north to more offshore and less permeable facies in the south
(Covey, 1984; Ho, 1988; Lin et al., 2003). (3) Third, in all wells the
observed maximum HubberteRubey pore-ﬂuid pressure ratio
(l ¼ Pf/rrgz) is l  0.7, except for some higher values reaching 0.8 in
formation tests in isolated sands subject to vertical transfer (see
Figs. 2e5; l  0.7 was reported by Suppe and Wittke (1977) and
Davis et al. (1983)). (4) Fourth, uplift and erosion strongly affect the
stratigraphic levels of present-day overpressured zones. That is, the
stratigraphic level of an overpressured zone tends to shift down-
ward in the stratigraphic column in response to the removal of
overburden (Figs. 8 and 11). For example, the CTH well shows a
fossil top of overpressure that is within the Kueichulin Formation,
and the present-day top of overpressure is within the middle
Nanchuang Formation, about 0.8 km lower (Figs. 2 and 11). This
shift in stratigraphic level of the ﬂuid overpressure can also be
observed in other wells (see Figs. 2e5), suggesting that ﬂuid
overpressure can only decrease with time at a given stratigraphic
level, due to uplift and erosion.level in central and southern Taiwan (Fig. 1). The fault positions in wells that cut through the
those important faults are above or close to the present-day top of overpressure, which ind
present-day and fossil tops of overpressure and the general shape of the Western Taiwa
southward-muddier trend of the sedimentary facies (Covey, 1984; Ho, 1988; Lin et al., 2003)
are placed with respect to the footwall stratigraphy to reﬂect the true positions of faults. (Fo
the web version of this article.)However, after adding back the amounts of erosion retrieved
independently from published balanced cross sections, restored
fossil ﬂuid-retention depths show an average depth of ~3 km,
which is essentially identical to the average depth of the present-
day ﬂuid-retention depths (~3 km, Fig. 14). This indicates that the
regional ﬂuid pressures relative to the land surface have remained
close to 3 km through time in the western Taiwan thrust belt and
are, to a ﬁrst approximation, not affected by uplift and erosion. This
observation is consistent with a vertical undercompaction trend on
the sonic-log and lithostatic-parallel overpressure gradients under
the disequilibrium compaction mechanism (Fig. 9).
4.2. Regional detachment levels and their ﬂuid pressures in western
Taiwan
From north to south in the western Taiwan thrust belt (Fig. 1),
several frontal faults are considered to be active, including the
Hsincheng thrust, Tuntzuchiao earthquake fault (Houli thrust), Che-
lungpu thrust, Changhua blind thrust, Tungshuhu thrust, Chiuh-
siungken thrust, Tachienshan thrust, Chukou thrust and Meishan
fault (Bonilla,1975,1977,1999; Lin et al., 2000; Shyu et al., 2005). The
1999 Chi-Chi earthquake (Mw ¼ 7.6), which ruptured to the surface
along the Chelungpu thrust with 3e10 m surface displacement, has
demonstrated the importance of active frontal thrusts (Ma et al.,
1999; Lee et al., 2000, 2003; Wang et al., 2000; Yue et al., 2005).
A number of stratigraphic levels of detachment have been
documented, with regional variation in stratigraphic nomenclature
(e.g. Huang et al., 2004; Yang et al., 2006). These include: (1) the
Pliocene Chinshui Shale and equivalent formations, which make upfault ramps and reach to the footwall blocks are shown in red (in the web version). Note
icates no signiﬁcant static high ﬂuid pressure is observed for those fault planes. Both
n sedimentary basin show the southward-shallowing trend, which agrees with the
. Hanging-wall stratigraphic columns of wells CTH-14, YHS-11, CLN-1, TCDP and MLN-1
r interpretation of the references to color in this ﬁgure legend, the reader is referred to
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Upper Miocene Nanchuang Formation, (3) the Miocene Nankang
Formation (Talu Shale), and (4) theOligoceneWuchishan Formation
(Suppe and Namson, 1979; Suppe, 1980a,b; Namson, 1981, 1983,
1984; Hung and Wiltschko, 1993; Huang et al., 2004; Yue et al.,
2005, 2011; Yang et al., 2006). These detachment levels connect
eastward to the ~12-km deep Taiwan Main detachment under the
Central Mountains (Carena et al., 2002; Yue et al., 2005).
These stratigraphic levels of detachment are situated at
different levels relative to the regional ﬂuid pressures. The Chin-
shui Shale detachment level in northern Taiwan is close to the base
of the hydrostatic zone l ¼ ~0.4 but reaches greater depth in the
Taichung basin l ¼ ~0.4e0.6, whereas the other detachment levels
are fully within the overpressured zone along our NS section
(Figs. 13 and 15). The Upper Miocene Nanchuang and Miocene
Nankang detachment levels in northern and central TaiwanFig. 15. NeS section in Fig. 13 with present-day ﬂuid-retention depth and l contours, show
compaction mechanism. Note that high excess ﬂuid pressure (l ¼ 0.8) predicted, based oncorresponds to l ¼ ~0.5e0.6 and the Oligocene Wuchishan
detachment level in northern Taiwan has an inferred l¼ ~0.7. Fluid
pressures on the ~12-km deep Taiwan Main detachment under the
Central Mountains are unconstrained, but at the equivalent depth
under western Taiwan, pressures possibly could reach l z 0.8 or
more based on depth relative to the ﬂuid-retention depth
z z 4zFRD (Figs. 12 and 15). Indeed, higher normalized pressures
l  0.9 are expected in southwestern Taiwan, where the total
sediment thickness exceeds 20 km (~7zFRD) based on seismic
tomography (Huang et al., 2014).
4.2.1. Chelungpu and Changhua thrust sheets
Of particular interest are the Chelungpu thrust and Changhua
blind thrust, both of which step up from the Chinshui Shale
detachment level near the base of the hydrostatic zone (Figs. 13
and 15). Their subsurface structures are well known, based oning the distribution of static ﬂuid pressure in depth predicted from the disequilibrium
ﬂuid-retention data, is reached by 6e10 km depths.
Fig. 16. (A) Regional EeW section BB
0
showing the present-day top of overpressure fromwest to east within the Nankang Formation and ﬂattening of the Chelungpu and Changhua
thrusts to the Chinshui detachment at a depth of 5.5e6 km (location in Fig. 1; see also Yue et al., 2005, 2011). Note the regional static ﬂuid pressure is tied to the NeS section in
Fig. 13 and 15, sections CC
0
and DD
0
in Fig. 17 and 18, and constrained by Pakuashan well PKS-2 and coastal well WG-1. (B) Wedge parameters. The length of the Chelungpu thrust
sheet is about 28 km and the combined length of the Chelungpu and Changhua thrust sheets is about 39 km. Note the topographic slope (a) is about 2.0 and the detachment dip (b)
is about 2.7 for the ChelungpueChanghua wedge.
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(Yue et al., 2005, 2011). Furthermore, because the Chelungpu
thrust triggered the 1999 Chi-Chi (Mw ¼ 7.6) earthquake, there
have been a number of post-earthquake studies that bear on the
strength of this fault.
The Chelungpu thrust is documented as a bedding-parallel
thrust, displaying classic ramp-ﬂat thrust geometry (Fig. 16; also
see Yue et al., 2005, 2011). The hanging wall of the Chelungpu
thrust shows fault-bend folding geometry, whereas the hanging
wall of the Changhua thrust displays shear fault-bend folding
geometry (Yue et al., 2011). Both sole into the Chinshui shale
detachment. Owing to the petroleum exploration history of
Taiwan, fewer wells have been drilled in central Taiwan, and the
present-day and fossil tops of overpressure are approximated
from the nearby wells shown in sections AA
0
, BB
0
, CC
0
and DD
0
(Figs. 1, 13, 16e18). Near the vicinity of the Chelungpu and
Changhua thrust ramps the present-day top of overpressure is
below the Chinshui Shale detachment (Figs. 13 and 16), although
the present Chinshui Shale detachment at depth gets deep
enough to be mildly overpressured (l z 0.40.6). Towards the
north and south, branches of the Chelungpu thrust merge with
the Sanyi and Tungshuhu thrusts, which run along deeper de-
tachments in the Nanchuang formation (lz 0.50.6, Figs. 17 and
18). Those surrounding wells demonstrate that, in the central
Taiwan thrust belt, Plio-Pleistocene strata, including the Chinshui
Shale, Cholan Formation and Toukoshan Formation, are generally
hydrostatic at present except in the deepest parts of the basin.
Because of continued deposition and plate ﬂexure, the Chinshui
Shale detachment has been progressively buried to deeper levels,
with the present-day top of overpressure at a shallowerstratigraphic depth than the fossil top of overpressure at the
onset of thrusting (Fig. 16).
4.3. Depth distribution of overpressure in western Taiwan
By applying an average depth of 3 km for both fossil and pre-
sent-day ﬂuid-retention depths (Fig. 14), and a near-lithostatic
mean slope for the overpressure gradients as observed in Taiwan
wells (Fig. 19 and summary plot in Fig. 5), we estimate the Hub-
berteRubey ﬂuid-pressure ratio l as a function of depth within the
brittle regime, based on the disequilibrium compaction model
(Eqn. (7)). This allows us to infer static ﬂuid pressure to depths well
beyond the depths of drilling, given the existence of sufﬁcient
thickness to the stratigraphic section (cf. Suppe, 2014). Given the
depths of the main detachment levels in western Taiwan, namely
the Chinshui, Nanchuang, Nankang, and Wuchishan detachments
(Suppe and Namson, 1979; Suppe, 1980a,b; Namson, 1981, 1983,
1984; Hung and Wiltschko, 1993; Carena et al., 2002; Huang
et al., 2004; Yue et al., 2005, 2011; Yang et al., 2006), the corre-
sponding regional ﬂuid-pressure ratios range from l ¼ 0.4 (hy-
drostatic) to ~0.7. Only at a depth under western Taiwan equivalent
to the ~12 km Taiwan Main detachment would overpressure be
expected to reach l ¼ 0.8 based on depth below the ﬂuid-retention
depth (Fig. 19, Eqn. (7)). Recent viscous-plastic modeling suggests
that matrix weakening by pressure solution may lead to near-
lithostatic ﬂuid pressures at great depths (Morency et al., 2007).
Very high normalized pressures l  0.9 are expected in south-
western Taiwan, where the total sediment thickness exceeds 20 km
(~7zFRD) based on seismic tomography (Huang et al., 2014). These
results provide regional ﬂuid-pressure estimates that form a basis
Fig. 17. Regional EeW section CC
0
passing through the northernmost surface rupture of the 1999 (Mw ¼ 7.6) Chi-Chi earthquake and the surface rupture of the 1935 (ML ¼ 7.1)
Tuntzuchiao earthquake, showing that the fossil top of overpressure has been reached the Chinshui Shale shown in blue (location in Fig. 1; see also Hung and Wiltschko, 1993; Yue
et al., 2005). Note the North ChelungpueChinshui Shale detachment is within the hydrostatic regime but the detachment levels of the Sanyi thrust and deep Houli thrust are within
the overpressured regime. l contours shown in blue demonstrate the high excess ﬂuid pressure (l ¼ 0.7) within the Wuchishan Formation. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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pothesis of fault weakening for western Taiwan.5. Tests of classic HubberteRubey hypothesis for detachment
levels in the western Taiwan thrust belt
Our evaluation of the HubberteRubey hypothesis focuses espe-
cially on the Chelungpu thrust, which broke to the surface in a
~90 km-long surface rupturewith ~3e10mdisplacement in the1999
(Mw ¼ 7.6) Chi-Chi earthquake. This was a classic thrust-belt earth-
quake and it is one of the best-studied earthquakes to date. The
subsurface geometry of the Chelungpu thrust is well documented in
cross sections and in three dimensions (Yue et al., 2005, 2011). Tec-
tonic geomorphology studies of deformed terraces in the hanging
wall show that for the last ~30 ka, the Chelungpu thrust has accu-
mulated slip in ~65 Chi-Chi-like characteristic earthquakes (Le Beon
et al., 2014). The mechanics of long-term slip of this fault should
therefore be similar to thosedocumented for the Chi-Chi earthquake.
All of the quantities necessary for direct evaluation of the
HubberteRubey hypothesis are reasonably well constrained, which
are those contained in the effective friction equation m*f ¼ mf ð1 lÞ
(Eqn. (1b)). (1) The intrinsic quasistatic friction mb of the Chelungpu
fault gouge has been measured on samples from shallow post-Chi-
Chi boreholes (0.3e1.1 km depth) (Mizoguchi et al., 2008; Tanikawa
and Shimamoto, 2009). These friction measurements were carried
out on both dry gouge and gouge under hydrostatic conditions at
low slip rates (0.1e10 mm/s), and they reveal intrinsic friction co-
efﬁcients mb ¼ 0.550.85, which are similar to classic static rockfriction values mb ¼ 0.60.85 of Byerlee (1978). (2) The Hub-
berteRubey static weakening (1 l) is constrained to be 0.6 for the
Chinshui thrust ramp and 0.4e0.6 for the Chinshui Shale detach-
ment at depth, as documented above. (3) A predicted Hub-
berteRubey effective friction of ½m*f HRz0:33e0:5 is then computed
based on these data using Eqn. (1b). We test the HubberteRubey
hypothesis by comparing ½m*f HR to estimates of the actual effective
friction ½m*f actual of the Chelungpu thrust ramp and Chinshui Shale
detachment in the following section.
5.1. HubberteRubey test for ChelungpueChanghua fault geometry
Hubbert and Rubey (1959) addressed the classic question of
how long, thin, intact thrust sheets are able to move, given the
easily-estimated frictional resistance of the base (see Suppe et al.,
2009). They showed that the maximum length of an intact rect-
angular block 5e10 km thick that could be pushed without internal
failure was about 20 km, but if l > 0.9, very long thin sheets could
be pushed. The total length of the thrust sheet above the Chinshui
Shale detachment is about 39 km, but it has obviously broken into
several imbrications so it is no longer intact, which is typical of
thrust belts and accretionary wedges. Critical-taper wedge me-
chanics describes the mechanics of such wedges at a critical state of
failure, providing a simple linear relationship between the critical
taper of an imbricated wedge (a,b) at failure, and its internal wedge
and basal fault strengths (W, F) (Suppe, 2007):
F ¼ aþ ðaþ bÞW (10)
Fig. 18. Section DD
0
modiﬁed from Suppe (1986) and Suppe and Medwedeff (1990) and constrained by 3 wells showing that the present-day and fossil tops of overpressure have
barely reached the Chinshui Shale shown in blue and younger strata (location in Fig. 1; see also Yue et al., 2005). The fault ﬂat of the Tungshuhu thrust is below the present-day top
of overpressure in the Nanchuang Formation. l contours shown in blue indicate the high excess ﬂuid pressure (l ¼ 0.6) is below the Miocene strata. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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m*b ¼ rt=rrgz of the detachment, of interest for our testing of the
HubberteRubey hypothesis. The wedge or crustal strength is
W¼ (s1 s3)/rrgz. The mean surface slope is az 2.0 in the case ofthe Chelungpu thrust belt (Fig. 16B), and the detachment dip is
b z 2.7. Fig. 20 shows the set of all (W,F) consistent with the
observed taper (a,b) of cross section BeB
0
(Fig. 16). Suppe (2007)
used estimates of in situ crustal strength W to estimate the
Fig. 19. General diagram showing the relationships between static ﬂuid pressure, HubberteRubey ratio (l), effective basal coefﬁcient of friction ðm*bÞ and locations of important Taiwan detachments with an average ﬂuid-retention depth
(~3 km) in Western Taiwan (Fig. 14). Based on the fact that the ﬂuid overpressure in western Taiwan is governed mainly by the disequilibrium compaction mechanism, (1) depths of 20 km [17 km for the lithostatic parallel trend line]
must be reached for high ﬂuid pressures (l ¼ 0.9) to explain low fault strength, and (2) depths of 10 km [for mb ¼ 0.6] to 14 km [for mb ¼ 0.85] must be reached for effective basal friction coefﬁcients ðm*bÞ to drop to 0.1.
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metamorphic rocks of the 10 km deep KTB borehole in Germany
give W ¼ 1.0. Similar estimates from the SAFOD San Andreas pilot
borehole in California give W ¼ ~0.5. An analysis of wedge taper in
the Niger delta gives W ¼ 0.7, and a similar analysis for the central
Taiwan mountain belt above the 12 km detachment gives W ¼ 0.6
(Suppe, 2007; Carena et al., 2002). This range of observed values of
W, which can be reasonably applied to our Chelungpu wedge
(Fig. 16), yields F ¼ ½m*f actualz0:07e0:11 (Fig. 20), which is smaller,
by about a factor of 5, than the detachment strength predicted by
the classic Hubbert and Rubey hypothesis ½m*f HRz0:33e0:5.
Therefore other processes must control the strength of the Che-
lungpu detachment.
Even smaller fault effective friction ½m*f actualz0:03e0:05 is
estimated from post Chi-Chi thermal anomalies associated with the
principal slip zones, observed in scientiﬁc boreholes at depths of
0.3 km and 1.1 km (Tanaka et al., 2006; Kano et al., 2006; Suppe,
2007). These are an order of magnitude smaller than the Hub-
berteRubey prediction. Therefore we conclude that the classic
HubberteRubey hypothesis is not the main cause of the weakness
of the ChelungpueChinshui Shale detachment.5.2. Evidence for dynamical weakening of the Chelungpu fault in
the Chi-Chi earthquake
Other mechanisms of fault weakening are required for the
Chinshui detachment, which have been illuminated by studies
of the principal slip zone of the 1999 (Mw ¼ 7.6) Chi-Chi
earthquake. The principal slip zone on the Chelungpu fault
ramp, which runs within the Chinshui Shale in the hanging wall,
was sampled at a depth of about 1.1 km by boreholes (Fig. 1) of
the Taiwan Chelungpu Fault Drilling Project (TCDP) (Ma et al.,
2006). The principal slip zone, which is typically ~1 mm thick
(Kuo et al., 2013), accommodated about 8 m of slip in this
earthquake, based on nearby strong ground-motion seismic
stations, permanent GPS stations, and nearby surface breaks (Ma
et al., 2006; Lee et al., 2003). Temperatures within the narrow
slip zone reached values as high as 900e1100 C, based on ev-
idence of melting and thermal decomposition of clay minerals
(Kuo et al., 2011). Temperature anomalies observed in two post
Chi-Chi boreholes yielded estimates of the effective coefﬁcient
of friction by Tanaka et al. (2006) and Kano et al. (2006). At
0.3 km in a shallow borehole through the fault, they obtained
m*bz0:12e0:26, and at 1.1 km in the TCDP borehole, they ob-
tained m*bz0:04e0:08. Therefore the Chelungpu fault ramp is
indeed very weak.
Constant-velocity high-speed friction experiments (0.5e2 m/s)
on dry ChelungpueChinshui Shale gouge indicate that a strong
peak friction of mp ¼ 0.7e1 is normally reached within the ﬁrst
30 cm of slip, followed by a drop to a low steady-state dynamic
friction md z 0.20.1(Sone and Shimamoto, 2009; Tanikawa and
Shimamoto, 2009). This is typical of many materials in high-
speed friction experiments (Di Toro et al., 2011). Studies of the
cumulative slip on the Chelungpu fault over the last 30 ka indicate
that the Chi-Chi earthquake is a characteristic earthquake, with
the long-term slip being the sum of many similar large earth-
quakes (Le Beon et al., 2014). Therefore, the weakness of the
Chelungpu fault, associated with its ﬁnite displacement, appears
to be dynamically determined in large earthquakes, not by static
friction coefﬁcients, nor by classic static HubberteRubey weak-
ening. However, pore-ﬂuid pressures may still be important, as
suggested by the modeling of dynamical effects involving pore-
ﬂuid pressure, which are not currently accessible experimentally
(e.g. Wang, 2011).5.3. Test of classic HubberteRubey hypothesis for other detachment
levels
Fig. 19 shows that the important detachments in the western
Taiwan thrust belt are overpressured. The HubberteRubey ﬂuid-
pressure ratio for the Upper Miocene Nanchuang and Miocene
Nankang detachments is l z 0.50.6, and for the Oligocene
Wuchihshan detachment, the ﬂuid-pressure ratio is l z 0.7.
Neither of these values is large enough to be the dominant cause of
fault weakness. Only at a depth equivalent to the ~12 km Taiwan
Main detachment would the extrapolated ﬂuid pressures be
marginally high enough (1  lb) z 0.2 to explain the low fault
strength. The strength of the Taiwan Main detachment, based on
co-variation of wedge (a, b) across Taiwan, yields an estimated
fault strength F ¼ m*bz0:08 (Carena et al., 2002; Suppe, 2007),
which would predict a moderately strong intrinsic friction of
mb z 0.4 if (1  lb) z 0.2. The nature of the materials on this
detachment is unknown.6. Discussion and conclusion
Our observations of regional pore-ﬂuid pressures in 55 bore-
holes, drilled to depths of 3e5.5 km in western Taiwan, show that
overpressures are to a considerable degree stratigraphically
controlled, which allows us to estimate present-day and fossil
(pre-erosion) static pressures along the main regional de-
tachments (Figs. 13 and 15). Furthermore, the ﬂuid pressures are
dominated by the disequilibrium compaction mechanism, which
allows us to estimate the HubberteRubey weakening coefﬁcient
(1  l) z 0.6(zFRD/z) (Eqn. (7)) as a function of depth relative to
the ﬂuid-retention depth zFRD (Fig. 19). We observe that the ﬂuid
retention depth is ~3 km throughout western Taiwan, and that it
does not change signiﬁcantly during uplift and erosion (Fig. 14). A
detachment depth of 4e5 times the ﬂuid-retention depth, which
is ~12e15 km in western Taiwan (Fig. 19), would be required for
the classic HubberteRubey ﬂuid-pressure weakening to domi-
nate with (1  l)  0.15. This value (12e15 km) is far too deep
relative to most active detachments in western Taiwan; therefore
the HubberteRubey static ﬂuid-pressure mechanism does not
appear to be quantitatively important for the western Taiwan
thrust belt.
The failure of the HubberteRubey static overpressure mecha-
nism to explain fault weakness is especially clear for the shallow
Chinshui Shale detachment, which slipped in the 1999 (Mw ¼ 7.6)
Chi-Chi earthquake, with observed ﬂuid pressures in boreholes
through the thrust ramp that are hydrostatic (Figs. 4 and 16e18).
East of the central Taichung basin (Fig. 1) the detachment reaches
its greatest depth of about 5 km (Fig. 16A), where it is predicted to
be modestly overpressured l z 0.40.6. Furthermore, the over-
lying coarse-clastic foredeep stratigraphy is permeable, and
therefore unlikely to be overpressured (Yue, 2007). Critical-taper
wedge analysis indicates that the Chinshui Shale detachment is
very weak, with an effective friction coefﬁcient of m*bz0:07e0:11
(Suppe, 2007) (Fig. 20), whereas the HubberteRubey prediction
½m*f HRz0:33e0:5 is about a factor of 5 larger, based on the ﬂuid-
pressure constraints and lab measurements of intrinsic quasi-
static friction of the Chelungpu fault gouge mb ¼ 0.550.85.
Therefore the HubberteRubey weakening coefﬁcient for hydro-
static pressures (1  lb) z 0.6 is insufﬁcient to play an important
role in producing such aweak detachment. Dynamical mechanisms
of fault weakening, associated with large, high-speed displace-
ments of 1e10m, have been documented in studies of the principal
slip zone in post-Chi-Chi borehole samples and in high-speed
friction experiments on Chelungpu fault gouge.
Fig. 20. Graph of the linear relationship (Eqn. (10)) between fault and wedge strength (FeW) and critical taper (a, b) for the central Taiwan Chinshui thrust wedge Section BeB
0
(Fig. 16). The set of all possible F andW is given by the line of slope (a þ b) and intercept ab¼0. Estimates of possible crustal or wedge strength are provided by two scientiﬁc borehole
stress datasets (W*KTB, Brudy et al., 1997, and WSAFOD, Hickman and Zoback, 2004) and a Taiwan regional estimate based on the covariation of a and b across Taiwan (WTaiwan, Suppe,
2007, Carena et al., 2002). If we adopt these observations as typical of the range of expected wedge strengths for the Chelungpu thrust belt, then the intrinsic fault strength (effective
friction) F ¼ m*b of the ChelungpueChinshui detachment is estimated to be m*b ¼ 0:076e0:117 (Suppe, 2007).
L.-F. Yue, J. Suppe / Journal of Structural Geology 69 (2014) 493e518516Our results for the active Taiwan thrust belt indicate that static
ﬂuid overpressure must play a secondary role in the generation of
weak faults. Dynamical weakening mechanisms in large earth-
quakes appear to be especially important. Nevertheless, there are
other tectonic settings in which static pore-ﬂuid pressures may
play an important role. Yeh and Suppe (2014) show that in cases for
which the ﬂuid-retention depth is very shallow relative to the
depth to detachment, ﬂuid overpressure plays a signiﬁcant role in
critical-taper wedge mechanics. An example is the Barbados
accretionary wedge, where the ﬂuid-retention depth is ~100 m,
with a detachment depth of 300e500 m. Even with ﬂuid retention
depths of a few kilometers, static ﬂuid pressure weakening may
become more important in disequilibrium compaction at shal-
lower depths than would be suggested by Equation (7) because of
thermally activated processes, such as pressure solution, becoming
more important at depths as shallow as 5e10 km. Current viscous-
plastic modeling of disequilibrium compaction suggests that ma-
trix weakening by pressure solution becomes a dominant mech-
anism in generating near-lithostatic ﬂuid pressures at greater
depths (Morency et al., 2007).
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